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Calcium ion store-activated currents in undi¡erentiated
human gingival keratinocytes were measured with the
whole cell patch clamp and fura techniques. Thapsigar-
gin or intracellular inositol 1,4,5-trisphosphate and
BAPTA rapidly induced an early transient current with
ICRAC (calcium release activated calcium ion current)
characteristics, and several later, larger sustained cur-
rents that depended on the mode of store depletion.
Thapsigargin activated two currents within minutes of
ICRAC activation. The ¢rst was a nonspeci¢c cation cur-
rent, INSC. A second conducted Na
þ and Csþ , and was
partially inhibited by thapsigargin (INa1). Dialysis with
inositol 1,4,5-trisphosphate and BAPTA induced a later
current that also conducted Naþ and Csþ , but was in-
hibited by extracellular calcium ion (INa2), with proper-
ties consistent with an epithelial Naþ channel current
in some cells, and a calcium ion-insensitive Naþ cur-
rent (INa3). Comparison of thapsigargin-evoked current
changes with fura-2/AM results from separate cells indi-
cated that both the ICRAC and the later, larger calcium
ion conducting currents contributed to changes in in-
tracellular calcium ion concentration, and likely play
important parts in calcium ion signaling in undi¡eren-
tiated keratinocytes. Key words: calcium store/epithelial/
ICRAC/nonspeci¢c cation current/store operated channel. J
Invest Dermatol 121:120 ^131, 2003
C
a2þ -induced di¡erentiation of keratinocytes is a
well-recognized process, but the cell components
and mechanisms involved are not known in detail.
Presumably, the pathway involves activation of an
intracellular Ca2þ signaling pathway that ulti-
mately a¡ects gene expression. In this regard, it is known that
keratinocytes possess a Ca2þ receptor and several Ca2þ perme-
able channels, including: a 14 pS, amiloride-sensitive nonspeci¢c
cation channel (Mauro et al, 1993, 1995); a 32 pS, mecamylamine-
sensitive cationic channel associated with nicotinic receptor acti-
vation; and a cyclic nucleotide-sensitive cation channel (Oda et al,
1997). The mechanisms by which these Ca2þ signaling channels
ultimately a¡ect di¡erentiation remain to be elucidated.
A capacitatively coupled Ca2þ in£ux has been demonstrated in
keratinocytes using fura-2 and thapsigargin (TG) (Jones and
Sharpe, 1994). Moreover, this in£ux is known to be capable of
regulating DNA synthesis and cell growth (Harmon et al, 1996),
but the underlying Ca2þ channel current has still not been elec-
trophysiologically detected. In other tissues, the capacitatively
coupled Ca2þ in£ux occurs via an ICRAC (Calcium Release-Acti-
vated Calcium current) (Hoth and Penner, 1992; Putney, 1997).We
now report that an ICRAC current is present in undi¡erentiated
human gingival keratinocytes (HGK). The characteristics of this
current are that: (1) it is activated by depletion of intracellular
Ca2þ stores e¡ected by TG, or by inositol 1,4,5-trisphosphate
(IP3) and BAPTA; (2) it has an inwardly rectifying IV curve and
a positive reversal potential; (3) it is a small transient current; and
(4) it is signi¢cantly more permeable to Ca2þ than to Naþ and
Csþ . Several other currents were also detected following Ca2þ
store depletion. These were larger, Naþ and Csþ conducting
currents with nearly linear IVcharacteristics.WithTG stimulation
at least two currents were obtained. One current was Ca2þ -con-
ducting (INSC), whereas a second current was inhibited by TG-
induced increases in intracellular [Ca2þ] (INa1). IP3 and BAPTA
evoked three currents: an ICRAC, a Na
þ current inhibited by ex-
ternal Ca2þ [INa2 or epithelial Na
þ channel (ENaC)], and a third
current that was insensitive to increases in intracellular [Ca2þ]
(INa3).
MATERIALS ANDMETHODS
Tissue culture Primary cultures of gingival epithelial cells were
generated as previously described (Lamont et al, 1995). Brie£y, healthy
gingival tissues were collected from patients undergoing surgical removal
of impacted third molars or crown lengthening. The research protocol was
approved by the Human Subjects Review Committee of the University of
Washington, which adheres to the Helsinki Principles and the Belmont
Report. Informed consent was obtained at the time of clinic registration.
Specimens were cut into small pieces and incubated in dispase (50
caseinolytic units per mL) (Collaborative Biomedical Research Products,
Bedford, Massachusetts) overnight at 41C. The epithelium was carefully
separated from the underlying dermis and placed in sterile 0.05% trypsin/
0.53 mM ethylenediamine acetic acid (Gibco, Grand Island, NewYork) to
dissociate the intact epithelium into a single cell suspension. Cells were
collected by centrifugation, suspended in serum-free growth medium
(KBM with BEGM supplements except retinoic acid; Clonetics,
San Diego, California) containing 0.03 mM CaCl2, which allows
keratinocytes to proliferate but not di¡erentiate (Hennings et al, 1980;
Roop et al, 1987; Yuspa et al, 1988); seeded into tissue culture £asks
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(Corning, Corning, NewYork) at 2500 cells per cm2 and incubated at 371C
in 5% CO2/95% air. Prior to con£uence, cells were trypsinized and
reseeded into 35 mm tissue culture dishes (Corning) at 1250 cells per cm2
for patch recording.
Electrophysiology The whole cell method of the patch clamp technique
was used. A Sylgard (Corning) perfusion chamber (E1 cm1 cm) was
applied around adhering keratinocytes in a culture dish. Membrane
currents were measured using an Axopatch ID voltage clamp ampli¢er
(Axon Instruments, Foster City, California) controlled with Basic-Fastlab
software, an IBM compatible computer, and an Indec IBX interface box
as previously described (Izutsu et al, 1994). Data were acquired, stored and
analyzed using Basic-Fastlab software.To monitor cell currents, the cell was
held at þ 30 mV and 40 ms pulses to 80 mVwere applied every 3 s. Two
voltage-clamp patterns were used to obtain the IV relationships necessary
to characterize the activated currents. Initially, a long pulse pattern protocol
was used in which the cell was held at 0 mV, and 200 ms pulses with
amplitudes of from 120 to þ 60 mV in 20 mV steps were applied (Long
Pulse Protocol in Fig 1). A second protocol utilized a voltage step ramp in
which the cell was held at þ 30 mV, with 400 ms voltage pulses stepping
from 100 to þ 40 mV in 20 mV, 50 ms steps (Step Ramp Protocol in
Fig 1). In some later experiments, the voltage step ramp protocol was
applied every 5 s starting immediately after attaining the whole cell state.
This protocol allowed a better estimate of the maximum of the evoked,
transient ICRAC current. The þ 30 mV holding potential was empirically
determined to yield a stable holding current, and larger elicited currents,
which is consistent with previous results in other cells (Liu et al, 1998;
Bakowski and Parekh, 2000; Hoenderop et al, 2001). IV curves for ICRAC
and the large currents activated at later times were obtained by subtracting
the resting IV curve from the activated IV curve, so the resulting curves
were leak corrected (Fierro and Parekh, 1999). IV curves for the late
currents were similarly leak corrected and expressed as the IV curve at 10
ms (i.e., current at the beginning of the test pulses) and at 200 ms
(current at the end of the 200 ms pulse).
Cytosolic Ca2þ concentration measurements Intracellular Ca2þ
concentration ([Ca2þ ]) was measured with fura-2/AM (Molecular Probes,
Eugene, Oregon) in separate experiments. Cytosolic [Ca2þ ] was measured
in single cells using a wide-¢eld deconvolution microscope (Applied
Precision, Inc. (API) Issaquah, Washington) equipped with a 40  , NA
1.30 ultraviolet transmissive Olympus lens (Belton et al, 1999). Images
collected using API software were transformed into 16 bit TIF ¢les, and
analyzed using Universal Imaging (West Chester, Pennsylvania) software
to calculate the 350/380 ratios. Background correction was by image
subtraction after fura-2 release with detergents in the presence of Mn2þ .
Data were expressed as 350/380 intensity ratios. HGK passaged and cultured
for 2 d in the serum-free growth medium referred to above (Clonetics),
were washed twice in the same medium, then loaded with fura-2/AM (5
mM) in the growth medium supplemented with 10% fetal calf serum, and
containing 2.5 mM probenecid (an organic anion pump inhibitor; Di
Virgilio et al, 1989, 1990) for 15 min at room temperature. Following
loading, cells were washed twice with the appropriate external solution
(described below) and incubated for 25 min before use.
Solutions For electrophysiologic experiments, the pipette solution
contained (in mM): 135 N-methyl-D-glucamine, 10 CsCl, 1 MgCl2,
1 adenosine triphosphate, 10 HEPES, pH 7.2 (titrated with gluconic acid).
Ten millimoles BAPTA and 10 mM IP3 were directly dissolved in the
pipette solution when needed. The external solution contained (in mM):
135 Na glutamate, 1 MgCl2, 10 glucose, 10 HEPES, pH 7.4 (with NaOH).
Solutions requiring external Ca2þ contained 10 mM CaCl2. TG (1 mM),
amiloride (1 mM), 2-aminoethoxydiphenyl-borate (2-APB; 100 mM) and
SITS (4-acetamido-40 -isothiocyanatostilbene-2,20 -disulfonic acid; 50 mM)
were dissolved in dimethylsulfoxide and added to the external solutions.
La3þ was dissolved in water. SITS (50 mM) was included in all super-
perfusates to block Cl^ current.
For fura-2 experiments, the external solution contained (in mM): 140
NaCl, 5 KCl, 1 MgCl2, 10 glucose, 10 HEPES, 2 CaCl2, and titrated to pH
7.4 with HCl. Further details are given in Results.
RESULTS
Ca2þ store depletion with either TG or IP3/BAPTA activated an
early and several late store-activated currents. The TG experi-
ments were performed utilizing low intracellular Ca2þ bu¡ering
(Bakowski and Parekh, 2000; Fierro and Parekh, 2000), whereas
the IP3/BAPTA experiments utilized 10 mM BAPTA as a high
intracellular Ca2þ bu¡ering system. Reliable activation of ICRAC
byTG in the presence of low Ca2þ bu¡ering is dependent on the
use of appropriate holding potentials (Bakowski and Parekh,
2000).We chose to use low Ca2þ bu¡ering with TG in order to
approximate physiologic conditions, and to allow testing for cur-
rents that may be activated in vivo subsequent to ICRAC activation.
In contrast, IP3 activation of ICRAC is only reliable in the presence
of high Ca2þ bu¡ering (Fierro and Parekh, 2000; Fierro et al,
2000). The TG-activated currents are described ¢rst, followed by
the IP3/BAPTA-activated currents.
Early TG-evoked Naþ and Ca2þ currents
A small current with an inwardly rectifying IV curve Exposure of hu-
man gingival keratinocytes to 10 mM external Ca2þ after Ca2þ
store depletion with 1 mM TG ¢rst activated a small, transient,
Ca2þ conducting, current. This is illustrated in Fig 1, which
shows a continuous recording from a cell immediately after ob-
taining whole cell status with a super-perfusion solution contain-
ing 135 mM Naþ and no added Ca2þ . The cell was continuously
super-perfused with Naþ , and held at þ 30 mV, with 80 mV
hyperpolarizing pulses applied every 3 s (Fig 1A,B). Activation
of a store-operated current was indicated by small rapid and tran-
sitory changes in high and low values of the current envelope fol-
lowing exposure to 10 mM Ca2þ and TG (i.e., immediately
following the Ca2þ þTG arrow in Fig 1B, n¼16).This response
is shown at higher magni¢cation in Fig 3(A), where only the
currents obtained with the ^80 mV portion of the current-moni-
toring, voltage test pulses from Fig 1 (i.e., the lower current en-
velope) are plotted against time on a more sensitive scale. The
response to Ca2þ þNaþ þTG is shown in the box, and at a
higher scale in the inset in Fig 3(A). The induced increase in in-
ward current was clearly detectable, was transitory, and in this in-
stance, peaked within 40 s of Ca2þ þTG application, and
returned rapidly to baseline values in the continued presence of
TG and Ca2þ . The response duration was on the order of 1.5 to
3 min.
The initial current activated byTG was characterized using the
step ramp protocol and the long pulse protocol. In the step ramp
protocol (Fig 1), the cell was held at þ 30 mV and 500 ms step
ramp pulses from 100 to þ 40 mV were applied every 5 s.
Holding voltages between 60 mV and þ 30 mV were tested,
and maximum current activation was obtained with a holding
potential of þ 30 mV (data not shown), which is consistent with
the report by Bakowski and Parekh (2000). IV curves IV1^IV3
shown in Fig 1(C) were obtained at the times denoted in Fig
1(A,B). Activation of the TG-elicited current was demonstrated
by a change in the IV curve of the current recorded from the cell
(Fig 1C,D). IV3, obtained in the presence of Ca2þ þNaþ þTG,
showed an increase with respect to the IV curve obtained with
Naþ þTG (IV2) or with Naþ alone (IV1). Subtracting IV2 from
IV3 yielded the IV curve for the Ca2þ current through the TG-
activated (i.e., store-activated) Ca2þ channels (Z¼ IV3 ^ IV2;
Fig 1C,D). This Ca2þ IV curve was that of a small current with
inward recti¢er properties and a reversal potential above 0 mV at
19.871.0 mV (n¼ 8) (Fig 1D). This current was similar to the
ICRAC current previously reported in other cell types.
The small TG-activated current was transient Under present experi-
mental conditions, the ¢rst current evoked byTG was transient.
As indicated in Fig 3(A), the current was rapidly activated after a
brief delay (i.e., at about 855 s in Fig 3A, inset), and then de-
creased again to near resting values in about 1.5 min (i.e., at about
940 s). The transient nature of the ICRAC led to variability in its
measured magnitude under certain experimental formats. For ex-
ample, the current record in Fig 1(B) shows that IV3 was ob-
tained at a time after the maximum inward current response
evoked by Ca2þ þ TG.The maximum response can be estimated
from the lower envelope of the current tracings in Fig 1(B),
but more precisely from the results in the inset in Fig 3(A).
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Figure1. Whole cell current record showing activation of an ICRAC-like current by TG super-perfusion in human gingival keratinocytes.
Right, top: step ramp protocol used to obtain IV1^IV3 herein and IV4^IV6 in Fig 2. Right, below top. Long pulse protocol used to obtain a^c herein,
and d^e in Fig 2. (A) Whole cell current record before (A) and after (B) exposure toTG. IV curves were obtained at IV1, IV2, and IV3 by the voltage step
ramp protocol, and at a^c with the long pulse protocol. IV1 and a were obtained from quiescent cell in presence of Naþ perfusate (broken arrow).Whole cell
status attained just prior to start of record. Long pulse trains show currents obtained at ^80 mV (lower current envelope) from a holding potential of þ 30
mV (heavy horizontal lines in records). (B) Continuation of record A. IV2 and b give IV curves of Naþ throughTG activated and quiescent channels. IV3
and c give IV curves of Ca2þ and Naþ through TG activated and quiescent channels. (C) IV curves obtained at times indicated in (A,B) with Z¼ IV3 ^
IV2. (D) IV curve Z at more sensitive scale showing inward recti¢cation. This early TG-activated transient current is referred to as ICRAC. (E) IV curve
obtained in a di¡erent cell by holding at þ 30 mV and pulsing with the step ramp protocol every 5 s in the presence of Ca2þ and TG (Ca2þ þTG) or
Ca2þ andTG and La3þ (Ca2þ þTGþLa). The earlyTG-activated current was inhibited by La3þ. (F^H) Currents obtained with the ^40 mVand ^80 mV
200 ms long voltage pulses at times a^c. Only currents obtained with these two voltages are shown to simplify the display. (I) Curve X¼b ^ a shows Naþ
current throughTG-activated channels. (J) CurveY¼c^b shows Ca2þ current throughTG-activated channels.
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This temporal record may be used to compare the recorded
currents in response IV3 in Fig 1(B) (which were obtained at
about 910 s in the inset of Fig 3A) to the currents that would
have been obtained had the IV curve been obtained at the peak
of the response (i.e., at about 862 s in inset of Fig 3A). This cor-
rection factor would be about 3.0-fold for the cell shown in Figs
1 and 3(A). Hence, an inward current of about ^3.0 pA/pF would
have been obtained at 80 mV in Fig 1(D) if the IV curve had
been obtained during the time of maximal early current activa-
tion. In recognition of this limitation, a voltage clamp protocol
was adopted in which the voltage ramp was applied every 5 s
from a holding potential of þ 30 mV. Figure 1(E), curve labeled
CaþTG, shows an example of an ICRAC obtained in another cell
using the latter protocol, which would capture the maximum of
the activated current. The average maximum ICRAC current ob-
tained using this protocol was 4.970.4 pA/pF at 80 mV (n¼ 7).
Thus, the measured magnitude of the earlyTG-activated current
varied strongly with time of measurement during the activation^
inactivation process.
Ion conducting properties of the early current The Naþ current
through this early TG-activated channel was very low because
IV2, the Naþ current with TG (Fig 1B), and IV1, the Naþ cur-
rent without TG (Fig 1A), were indistinguishable (Fig 1C, n¼ 8).
Long voltage-clamp pulses (i.e., a^c in Fig 1F^H) were used to
characterize the TG-activated currents in more detail. (Note: a^c
in Fig 1F^J were obtained at times a^c in Fig 1A,B.) The long
pulse pattern results indicated that Naþ was able to permeate the
channels as subtraction of the current for the 80 mV pulse for
Naþ alone (Fig 1F,a) from that for Naþ and TG (Fig 1G,b)
yielded a small inward current that was larger than zero during
a signi¢cant portion of the pulse duration (Fig 1I, X¼b^a (80
Figure 2. TG-induced whole cell currents obtained after the ICRAC-like current. (A) Continuation of Fig 1(A,B), with long pulse pattern c re-
sponses repeated. IV4 and d were obtained during the large current that developed quickly after the ICRAC-like current during continued super-perfusion
with 135 mM Naþ þ10 mM Ca2þ þTG (during ¢rst dashed arrow). IV5 was obtained following whole cell current decrease following removal of super-
perfusate Ca2þ (Naþ þTG dashed arrow). IV6 and e were obtained while super-perfusing with only Naþ solution (Naþ dashed arrow). (B) IV curves cor-
rected for leak currents (i.e., with IV1, Fig 1, subtracted) for whole cell currents obtained at times shown in (A). IV4 is the Ca2þ conducting nonspeci¢c
cation current (INSC). (C) IV4 from another cell before (CaþNaþTG (late)) and after exposure to La
3þ (CaþNaþTGþLa). (D,E) Currents obtained
during long pulse protocols d and e in (A). Only results at þ 40, ^40, ^80 and ^100 mV are shown for simplicity. (F) Correction of curve IV4 for current
inactivation during long (200 ms) pulse protocol d. Corrected curve is labeled 200 ms. (G) Correction of curve IV6 for current activation during long (200
ms) pulse protocol e. Corrected curve is labeled 200 ms.
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mV)); however, this Naþ current was signi¢cantly less than the
Ca2þ current under these conditions (compare curves Y¼c^b
(80 mV), in Fig 1J with X¼b^a (80 mV) in Fig 1I). These
results indicated the early, store operated channel was signi¢-
cantly more permeable to Ca2þ than to Naþ . Results with
fura-2 indicated that intracellular [Ca2þ ] is signi¢cantly elevated
during the period when ICRAC is activated, which also indicates
that Ca2þ is permeable through ICRAC channels (see below).
The earlyTG-activated current also did not conduct Csþ . This
can be concluded from its IV curve, which was inwardly rectify-
ing (Fig 1D), indicating low Csþ e¥ux at positive membrane
potentials, where the electrochemical gradient would act to drive
Csþ out of cells. The lack of an outward current at these poten-
tials indicates that Csþ cannot permeate the channels.
Finally, this earlyTG-activated current was blocked by La3þ (1
mM) (Fig 1E, n¼ 4).
The above ¢ndings indicate that the earlyTG-activated current
is similar to the ICRAC current of Hoth and Penner except for the
transient nature of the present current; see Discussion.
Late TG-activated currents In addition to the early TG-
activated current described above, two later, larger currents were
also activated, yielding a total of three TG-activated currents.
Approximately 3 min after the TG-induced ICRAC current
began, a second, larger current began to develop. Its onset is
indicated in Fig 1 by the large increase in outward currents
evoked by the positive voltage pulses used in the long pulse
protocol. Speci¢cally, compare the current responses at positive
voltages (i.e., the later pulses in this protocol) obtained with the
long pulse protocol at times b and c in Fig 1(B). (The current
onset is also indicated by the increase in holding potential
current in the second half of long pulse protocol c.) This second,
later, larger TG-induced-current continued to increase over the
next several minutes as indicated by the increase in inward
current evoked by the current-monitoring voltage pulses, and
the increase in currents obtained with the voltage step ramp and
the long pulse protocols (e.g., compare voltage step ramp
responses IV3 in Fig 1B with IV4 in Fig 2A, and long pulse
responses c and d in Fig 2A). (Note: Fig 2A is a continuation of
Fig 1A,B.) This later current activated by exposure to TG, was
large, sustained, had a nearly linear IV curve (Fig 2B, curve IV4,
which is corrected for resting and leak currents) with a reversal
potential of 5.070.9 mV (n¼10), and inactivated with time at
voltages below 80 mV (Fig 2D; showing data obtained at d in
Fig 2A). The IV curve obtained by correcting currents obtained
with the step ramp protocol (IV4, Fig 2B,F) for the current
inactivation observed in the long pulse protocol (200 ms values
in Fig 2D) were qualitatively and quantitatively similar
(compare curves IV4 and 200 ms, Fig 2F). This second current
also conducted Csþ as the IV curve remained linear at positive
membrane potentials where Csþ would be the carrier of
outward current (IV4, Fig 2B,F). The later current also
decreased in magnitude when Ca2þ was removed from the
super-perfusion solution, indicating the underlying channels
were either permeable to, or activated by Ca2þ (Fig 2A,B,
curve IV5 vs IV4; n¼10). The fura-2 results showed that
intracellular [Ca2þ ] remained elevated for at least 5 min under
these conditions, i.e., when cells were exposed to 10 mM [Ca2þ ]
following clearance of the Ca2þ released from intracellular stores
by TG (Fig 3B). As the above results showed that ICRAC
inactivated within about 2 min, and the second current was
fully activated in about 3 min (Fig 2A, IV4 and d), the
continued elevation of intracellular [Ca2þ ] for 5 min indicates
that the second current also carried Ca2þ into the cell (see
fura-2 results below). Hence, this second current activated byTG
was also a Ca2þ -conducting current.
The second current activated byTG also conducted Naþ as the
subsequent currents recorded in the presence of Naþ and TG
alone (Fig 2A,B), were larger than the earlier Naþ currents
obtained in the presence of TG before activation of the Ca2þ
Figure 3. Details of TG-induced current and intracellular Ca2þ
changes. (A) Temporal record of the currents obtained during the 80
mV pulses (i.e., the lower current envelope values) in Fig 1(B). The current
responses obtained at IV3 (in Fig 1B) in Ca2þ þTG are highlighted by the
box, and shown at a more sensitive scale in the inset. As indicated by the ^
80 mV pulse responses, the peak current response occurred at approxi-
mately 860 s, and IV3 was obtained at approximately 910 s. Note that IV3
was collected during the decline of the ICRAC response. Note also that TG-
induced ICRAC activated and inactivated within about 90 s (A). The rest of
the recording shows the immediate activation of the late, larger Ca2þ -con-
ducting current. IV4 corresponds to IV4 in Fig 2(A). (B) TG-induced
changes in intracellular Ca2þ concentration in undi¡erentiated human
gingival keratinocytes. Cells were exposed to Naþ containing solutions
throughout the experiment. Exposure to TG (at Tg arrow) in the absence
of external Ca2þ , released Ca2þ from intracellular stores resulting in an
increase in intracellular Ca2þ concentration (as measured by Fura-2 350/
380 £uorescence ratio) that was cleared by various Ca2þ pumps (but not
the endoplasmic reticulum pump that is inhibited byTG). Subsequent ad-
dition of extracellular Ca2þ (at Ca2þ þTG arrow) allowed Ca2þ to enter
the cell through Ca2þ permeable channels activated by the TG-induced
depletion of the Ca2þ stores. This second transient rise in intracellular
Ca2þ concentration was maintained for at least 5 min. Values are
mean7SEM (n¼ 4).
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ICRAC-like current (e.g., compare step ramp responses IV2 in
Fig 1B,C with IV5 in Fig 2A,B). Thus, this was a sustained,
Ca2þ -conducting, nonspeci¢c cation current, INSC. Moreover,
this late Ca2þ -conducting nonspeci¢c cation current, was blocked
by 1 mM La3þ (Fig 2C, n¼ 5).
The third current activated byTG exposure was also Naþ and
Csþ conducting, and had a linear IV curve (IV6, Fig 2A,B).
Moreover, this second late, large Naþ conducting current
increased upon removal of TG (Fig 2A, immediately after
second arrowhead, n¼ 8), indicating it was partially inhibited
by high intracellular Ca2þ concentration as TG discharges the
intracellular Ca2þ stores and raises intracellular Ca2þ levels
(Fig 3B). This second late large Naþ conducting current (INa1)
also di¡ered from the ¢rst late large Ca2þ -conducting
nonspeci¢c cation current in showing time dependent activation
versus inactivation (Fig 2E vs Fig 2D, ^100 mV responses). In this
instance, the IV curve obtained by correcting the IV curve
obtained with the step ramp protocol (IV6, Fig 2A,B) for the
current activation observed with the long pulse protocol (200
ms values in Fig 2E) was markedly larger at lower voltages (Fig
2G). The reversal potential for this current was 9.771.6 mV,
n¼ 7.
Thus, TG exposure evoked three distinct currents in these
human gingival keratinocytes: (1) an initial small transient
ICRAC-like current permeable to Ca
2þ but not to Naþ or Csþ ;
(2) a later large, Ca2þ -permeable current that was also permeable
to Naþ and Csþ (INSC); and (3) a later large Na
þ and Csþ
permeable current (INa1) that was partially inhibited byTG.
Intracellular [Ca2þ] changes following TG exposure TG
exposure evoked transient, temporal changes in the intracellular
[Ca2þ] of HGK. An averaged response is shown in Fig 3B
(n¼ 4). Cells exposed to TG (arrow labeled TG; Fig 3B) in the
absence of extracellular Ca2þ ((i.e., in 3 mM ethyleneglycol-bis-
(b-aminoethylether)-N,N,N0,N0-tetraacetic acid (EGTA), pH 7.4)
but in the presence of extracellular Naþ , responded with a large
transient increase in intracellular [Ca2þ ] due to Ca2þ release
from intracellular stores that was mostly but not totally cleared
within 5 to 7 min. Upon subsequent exposure to extracellular
Ca2þ (2 mM excess of Ca2þ over EGTA in the continued
presence of TG; arrow labeled Ca2þ þTG; Fig 3B),
intracellular [Ca2þ] again increased rapidly, peaked within a
couple of minutes, and then slowly decreased towards pre-
exposure levels but remained elevated for at least 5 min. The
latter intracellular [Ca2þ] increase was due to Ca2þ in£ux
through Ca2þ permeable channels activated by TG-induced
intracellular Ca2þ store depletion. This second increase reached
maximal levels within several minutes, then slowly decreased
but remained elevated for at least 5 min in the presence of
external Ca2þ (Fig 3B, second peak). The temporal pattern of
the latter decrease was also slower than for the decrease observed
following release of store Ca2þ (Fig 3B, compare decreases after
responses following arrows labeled TG, and Ca2þ þTG,
respectively). As discussed above, the intracellular [Ca2þ ]
remained elevated during activation and deactivation of the ¢rst
(i.e., the ICRAC-like) and the second (i.e., the Ca
2þ permeable
nonspeci¢c cation current, INSC) TG-activated currents. Hence,
both currents contributed to the TG-evoked Ca2þ in£ux.
IP3-evoked Ca
2þ currents HGKwere also exposed to 10 mM
IP3 and 10 mM BAPTA via the patch clamp pipette in order to
test the e¡ects of a second method to deplete intracellular stores
and activate store-operated currents. Three currents were also
observed with IP3/BAPTA stimulation (the results were similar
but di¡erent from those obtained with TG in that only two
currents were observed): an early small ICRAC-like Ca
2þ
current, a late Ca2þ -inhibited Naþ current, and a Ca2þ -
insensitive Naþ current (INa3).
The early IP3-evoked current Monitoring whole cell current for 6
min by holding at þ 30 mV and applying 80 mV pulses in the
presence of extracellular Naþ , but in the absence of Ca2þ , with
10 mM IP3 and 10 mM BAPTA in the patch pipette, showed little
change in the measured current (i.e., from initiation before the
start of the record in Fig 4A to just before arrow labeled Ca2þ
10 mM in Fig 4A). Subsequent exposure of the cell to 10 mM
extracellular Ca2þ (at arrow) resulted in a small, transient in-
crease in whole cell current (e.g., Figure 4A, n¼ 22), which in-
activated within 2 to 3 min, and also decreased the original whole
cell current (i.e., compare IV4 and IV1, Fig 4B). The Ca2þ -re-
lated current increase at ^80 mV is shown in greater detail in Fig
4(D). These results indicate that the ¢rst channel activated by in-
tracellular IP3/BAPTA was more permeable to Ca
2þ than to
Naþ because inward current changes were detected with Ca2þ
in the perfusate but not with Naþ (i.e., compare IV2 and IV3,
Fig 4A,B). Similarly, no current changes were detected when
holding the cell at 0 mV and perfusing with Naþ (Fig 4E). Ex-
posure to Ca2þ in the perfusate yielded a rapid transient increase
in inward current about 3 min in duration (n¼ 7). These results
indicate that exposing cells to IP3 and BAPTA also activates chan-
nels that are signi¢cantly more permeable to Ca2þ than to Naþ .
Early IP3 current IV curves The step ramp protocol (holding at
þ 30 mV with a voltage ramp from ^100 mV to þ 40 mV) was
used to obtain IV curves in the Ca2þ free, Naþ solution (Fig
4A, curve IV1, IV2) and in the Ca2þ and Naþ solution (Fig 4B
curve IV3, IV4). Their di¡erence (i.e., Z¼ IV3^IV2) yielded the
IV curve of the early IP3/BAPTA-activated current (Fig 4B,C:
curve Z; n¼15). This IV curve was similar to that obtained with
TG (Fig 1C,D: curve Z), although the inward recti¢cation was
more obvious in some cells (e.g., Fig 4G) than in others (Fig
4C). The current was of relatively small magnitude (between 2
and 6 pA/pF at ^80 mV; Fig 4C^G), was transitory and activated
and inactivated rapidly (Fig 4A,D,E), was relatively impermeable
to Naþ compared with Ca2þ (Fig 4A; IV3 vs IV2), and had an
inwardly rectifying IVcurve, indicating low permeability to Csþ
(Fig 4C,F,G). The reversal potential for this current was 19.972.5
mV, n¼14. The mean maximum ICRAC obtained with the ramp
every 5 s protocol was 5.070.8 pA/pF at ^80 mV, n¼ 6, for cells
dialyzed with IP3 and BAPTA.This transient current was blocked
by 1mM La3þ (Fig 4F, n¼ 8) and by 100 mM 2-APB, an inhibi-
tor of IP3 receptors (Fig 4G, n¼ 5). The above results indicate
that the dialysis of cells with IP3 and 10 mM BAPTA also activated
the ICRAC-like current in these cells.
The late IP3-evoked currents A late large sustained current (INa2 or
ENaC) was also observed in cells activated with IP3 and BAPTA.
The time of activation of the later current varied between cells
and ranged from seconds (e.g., the inward current activated at
the second arrowhead (Ca2þ0 Naþ135) in Fig 4E to many min-
utes (Fig 5A)). An example of a cell that took many minutes to
activate the late large current is shown in Fig 5(A) where the
large Naþ current activated about 20 min after the ICRAC-like
current had inactivated (IV3, Fig 5A). This late sustained current
had a linear IV curve, and a reversal potential greater than 0 mV
(reversal potential of 9.771.6 mV, n¼ 7, Fig 5B, IV3). The long
pulse protocol responses of the IP3-induced late current re-
sembled those of the late, TG-inhibited Naþ current obtained
following TG exposure. Speci¢cally, the current response to the
long pulse protocol showed a time-dependent activation in the
absence of Ca2þ (data not shown but similar to responses for
pulses at ^100 and ^80 mV, in Fig 2E, the TG-evoked,TG-inhib-
ited late Naþ current).
The above late-onset current was partially inhibited by the
addition of 10 mM Ca2þ to the extracellular solution (Fig
5A,B, n¼ 4) in a reversible and reproducible manner. Four of
four cells tested displayed this Ca2þ -inhibited current, which
averaged 23.675.2% of the total late current at ^80 mV (n¼ 4).
This partial Ca2þ inactivation of the IP3-induced late current
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(i.e., a Ca2þ -inhibited current) contrasted with the increased
current obtained with extracellular Ca2þ for the ¢rst TG-in-
duced late current (i.e., a Ca2þ conducting current, IV4 and d,
Fig 2A,B), but was similar to the second late large current
induced by TG, which was partially inhibited by TG (IV5 vs
IV6, Fig 2A,B). These results show that the late large current
obtained with IP3 and BAPTA consists of a Ca
2þ -inhibitable
portion, INa2 (Fig 5A,C), and a Ca
2þ -insensitive portion, INa3
(i.e., the remaining current in the presence of Ca2þ : IV4,
Fig 5A,B).
Figure 4. ICRAC-like current induced by IP3 and BAPTA in human gingival keratinocytes. (A) Whole cell currents obtained under di¡erent
super-perfusion conditions with 10 mM IP3 and 10 mM BAPTA in the recording pipette. Continuous super-perfusion with 135 mMNa
þ indicated by broken
arrow. Onset of super-perfusion with Naþ and Ca2þ (10 mM) containing solution indicated by oblique arrow. IV1^IV4 indicates times of application of
voltage step ramp protocol. Long spike trains indicate currents obtained with þ 30 mV holding potential and step pulses to ^80 mV. Gain increased 2-fold
at asterisk. (B) Whole cell IV curves obtained at times indicated in (A). Z (ICRAC)¼ IV3^IV2. (C) IV curve for Ca
2þ through the ¢rst channel activated by
dialyzing with IP3/BAPTA (Z(ICRAC)¼ IV3^IV2). (D) Whole cell currents at ^80 mV for cell in (A) shown at higher scale. Cell continuously super-per-
fused with Naþ as indicated by dashed arrow. Super-perfusion with Ca2þ at arrow yielded a transient increase in inward current. (E) Whole cell current in
another cell with IP3/BAPTA dialysis but while holding at 0 mV. Cell continuously super-perfused with Na
þ as indicated by dashed arrow, was held at 0 mV
and exposed to a Ca2þ containing perfusate at ¢rst vertical arrow (Ca2þ 10 mM, Naþ 135 mM). A transient current was activated and decreased towards
baseline within 2 min. Super-perfusion with Naþ solution lacking Ca2þ was initiated at second vertical arrow (Ca2þ0 Naþ135), and a second current was
activated that increased with time beyond the end of the record. (F) La3þ inhibits ICRAC.Whole cell current in another cell held at þ 30 mV with IP3/
BAPTA dialysis. IV curve for ICRAC generated as in (C). Super-perfusion with 10 mM Ca
2þ , Naþ 135 mM and La3þ (1 mM) yielded a decrease in ICRAC
(þLa3þ IVcurve vs ^La3þ IVcurve). (G) 2-APB inhibits ICRAC.Whole cell IVcurves obtained in a cell held at þ 30 mVand dialyzed with IP3/BAPTA in
absence (^2-APB) and presence (þ 2-APB) of 2-APB.
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Late IP3 current IV curves The IV characteristics of the Ca-inhib-
ited current (INa2) were obtained by subtracting the IV curve in
the presence of Naþ and Ca2þ (IV4, Fig 5A,B) from that in
Naþ alone (IV3, Fig 5A,B); i.e., A¼ IV3^IV4 in Fig 5(C). Two
types of curves were obtained. The ¢rst IV curve obtained in two
of four cells showed an inward rectifying current that did not re-
verse over the voltage range tested (Fig 5C). This current was in-
hibited by extracellular Ca2þ , was permeable to Naþ and was
not permeable to Csþ (as no outward current was detected at
any test voltage). The reversal potential for this current was quite
positive and the current did not reverse over the voltage range
studied. Hence, this current had characteristics of an ENaC cur-
rent (see Discussion). Moreover, re-exposing cells to extracellular
Ca2þ after its removal could reproducibly elicit these ENaC-like
current results. The IV curve obtained in the two other cells was
more linear with a small outward current at positive membrane
Figure 5. Late IP3/BAPTA-induced currents in human gingival keratinocytes. (A) Activation of late large current at long times after activation of
ICRAC. Current record begins about 20 min after transient activation and inactivation of ICRAC. Super-perfusion with Na
þ solution activated a large current
characterized by IV3. Super-perfusion with a Naþ þCa2þ solution indicated by Ca 10 mM arrow yielded a decrease in whole cell current (IV4). Exposure
to 1mM La3þ yielded a rapid two stage decrease in whole cell current (IV5). (B) IV curves obtained at times depicted in (A) but corrected for leak current.
(C) IVcurve for the Ca2þ inhibited current in (A) (A¼ IV3 ^ IV4).The curve was that of an inward recti¢er. (D) 2-APB (100 mM) increased the late whole
cell current obtained with IP3/BAPTA dialysis (i.e., compare IV curve ^2-APB with IV curve þ 2-APB). Cell was held at þ 30 mVwith voltage step ramp
pulses every 5 s. (E) Amiloride inhibits the late current obtained with Naþ super-perfusion and IP3/BAPTA dialysis. Super-perfusion of another cell with 1
mM amiloride-containing Naþ solution yielded a small decline in current (IV curve labeledþ amiloride;&) compared with control (IV curve labeled ^
amiloride;’). The IV curve of the amiloride-sensitive current was that of an inward recti¢er (IV curve C;).
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potentials (data not shown). The reversal potential of INa3, the
Ca2þ -insensitive portion of the late IP3 and BAPTA evoked cur-
rent (i.e., IV4, Fig 5A,B) was 11.772.3 mV (n¼ 9).
Amiloride did not consistently inhibit the late large Naþ cur-
rent. An inhibitory e¡ect was observed in three of seven cells
tested (Fig 5E). Moreover, when present, amiloride inhibition
was weak. The mean inhibitory e¡ect in a¡ected cells was
19.773.3% (mean7SD; n¼ 3). The IV curves for the amiloride-
inhibited currents were similar to the ENaC IV curves in that
both were inwardly rectifying (Fig 5E vs 5C). Hence, amilor-
ide-inhibitable current accounted for only a small fraction of the
large Naþ currents observed following Ca2þ store depletion in
human gingival keratinocytes.
La3þ strongly blocked the late Ca2þ -insensitive Naþ current
(Fig 5A,B: IV5; n¼ 6). In contrast to the ICRAC-like current (Fig
4G), the IP3-induced late Ca
2þ -insensitive current was enhanced
by 100 mM 2-APB (Fig 5D, n¼ 4).
Hence, exposing cells to IP3 and BAPTA activated an early
ICRAC-like current followed by a late, large nonspeci¢c cation
current (INa2 or IENaC) that was inhibitable by extracellular
Ca2þ , and a non-Ca2þ -sensitive component of the cation current
(INa3). Exposure toTG activated an early ICRAC-like current, and
a late, large Ca2þ conducting current (INSC) and a second large
current (INa1) that was partially inhibitable by intracellular Ca
2þ .
DISCUSSION
The primary ¢nding of this study was that depletion of the in-
tracellular Ca2þ store in undi¡erentiated human gingival kerati-
nocytes activates an early and several late Ca2þ and/or Naþ
conducting currents. The early current has ICRAC-like properties,
whereas the late currents are larger and either less speci¢c or non-
speci¢c for Ca2þ .
The early ICRAC-like current The present results
characterize the ion channels involved in capacitative Ca2þ
entry in undi¡erentiated HGK. The results show that a channel
supporting an ICRAC-like current is present in these cells. This
current is the ¢rst current activated by depletion of intracellular
Ca2þ stores utilizing either TG (Figs 1 and 2), which blocks the
store-associated Ca2þ -adenosine triphosphatase, or intracellular
application of IP3 and BAPTA (Fig 4), which releases Ca
2þ via
the IP3-sensitive channel and via di¡usion-chelation, respectively.
Thus, the early currents activated by the two procedures are small
in magnitude, have inwardly rectifying IV curves, and reversal
potentials greater than 0 mV (Fig 1D shows the IV curve
obtained with TG; Fig 4C,F,G show the curves obtained with
IP3/BAPTA). Also, the underlying channels are signi¢cantly
more permeable to Ca2þ than to Naþ because super-perfusion
with TG or IP3/BAPTA and Na
þ elicited little whole-cell
current change when compared with super-perfusion of these
agents with Ca2þ (e.g., compare IV2 and IV3 in Fig 1B,C with
TG; and IV1 and IV2 with IV3 in Fig 4A,B with IP3 and
BAPTA; and recall that extracellular Naþ concentration was 13.5
times greater than the Ca2þ concentration). The near equality of
IV1 and IV2 in Fig 1C indicates that the Naþ current through
the TG-activated channel is essentially immeasurable by the
voltage step ramp protocol. Close examination of the long pulse
results in TG-treated cells, however, speci¢cally the results
showing that X¼ b¼ a (80 mV) is not always zero (Fig 1I),
indicates that Naþ has a low, nonzero conductance relative to
the Ca2þ conductance (compare with Fig 1J,Y¼c^b (^80 mV))
of this channel. Analogous results with IP3/BAPTA activation
indicates that the earliest IV curve obtained with Naþ (IV1, Fig
4A, before complete dialysis of cell with IP3/BAPTA containing
pipette solution) was indistinguishable from the Naþ IV curve
obtained several minutes after the onset of whole cell dialysis
(IV2, Fig 4A,B) when the store-operated channels would be
activated. Hence, Naþ is not very permeable through the early
IP3/BAPTA activated channels. Also, this channel is not very
permeable to Csþ as there is little outward current (Figs 1D,
4C) above the reversal potential where Csþ would be the main
charge carrier (i.e., the channel activated byTG or IP3/BAPTA is
an inward recti¢er). These currents are rapidly activated when
Ca2þ stores are depleted in the presence of extracellular Ca2þ
(Figs 1A and 3Awith TG; Fig 4D,E with IP3/BAPTA), and are
rapidly inactivated (in several minutes) even in the continued
presence of Ca2þ (Figs 3A and 4D,E). These currents are
blocked by La3þ (Fig 1E with TG; Fig 4F with IP3/BAPTA)
and by 2-APB (Fig 4G), which was previously shown to
block ICRAC in RBL cells (Voets et al, 2001). Hence, the early
currents activated by Ca2þ store depletion have most of the
properties of the ICRAC ¢rst reported by Hoth and Penner
(1992) and later studied in numerous other tissues (Parekh and
Penner, 1997). One di¡erence is that the present ICRAC-like
currents are transient, not sustained currents. To the best of our
knowledge, this is the ¢rst report of an ICRAC-like current in
keratinocytes.
The above ¢nding that TG and IP3/BAPTA activate similar
ICRAC-like currents in HGK is consistent with recent reports.
Many previous studies of ICRAC in other tissues postulated that
high intracellular levels of BAPTA were required to minimize
Ca2þ -dependent negative feedback mechanisms and allow
consistent and persistent activation of ICRAC (Huang et al, 1998).
Fierro and Parekh (2000) demonstrated this was not the case.
They showed that ICRAC can be activated byTG in the presence
of low intracellular Ca2þ bu¡ering, but that high Ca2þ
bu¡ering was required with IP3 because IP3 was simply unable
to deplete the stores su⁄ciently to reach the threshold at which
macroscopic ICRAC is activated. Moreover, Bakowski and Parekh
(2000) showed the magnitude of ICRAC obtained with low
intracellular Ca2þ bu¡ers depended on the holding potential.
Cells held at ^60 mV yielded a barely detectable ICRAC, but cells
held at 0 to þ 30 mV yielded ICRAC magnitudes as large as those
seen in high Ca2þ bu¡er. Huang et al (1998) obtained similar
results with a low Ca2þ bu¡er (0.1 mM EGTA or BAPTA) and a
holding potential of þ 30 mV. The present results are consistent
with the latter two reports as theTG experiments used low Ca2þ
bu¡er, whereas the IP3/BAPTA experiments used high Ca
2þ
bu¡er, but similar ICRAC were activated by the two maneuvers.
Moreover, we also observed that holding cells at 0 to þ 30 mV
yielded larger ICRAC than holding at ^80 to ^40 mV
(unpublished results). The present results extend the ¢ndings of
Bakowski and Parekh (2000) because they activated ICRAC with
IP3 and/or TG in the pipette, whereas we obtained similar results
by perfusing with TG alone.
The ¢nding of a transient activation of the present ICRAC with
TG is consistent with previous ¢ndings on e¡ects of Ca2þ
bu¡ering on ICRAC duration. Hoth and Penner (1992) utilized 10
mM EGTA in their pipette solutions and observed sustained
ICRAC lasting at least several minutes. Zweifach and Lewis (1995)
obtained ICRAC durations of about 2 min with 1.2 mM EGTA in
their pipette solutions, and durations an order of magnitude
longer with 12 mM EGTA. Similarly, Parekh (1998) obtained an
ICRAC duration of about 4 to 5 min with 1.4 mM EGTA, and
about 10 min with 14 mM EGTA. These results indicate that
ICRAC once activated, is inactivated by a mechanism driven by
Ca2þ in£ux, and that ICRAC duration may be experimentally
manipulated. The latter two studies indicate that speci¢c ICRAC
characteristics vary with tissue types. The present ICRAC results
obtained with TG and low Ca2þ bu¡ering are consistent with
the latter ¢ndings as the resulting currents were transitory and
about 3 min in duration. In contrast, the present IP3/BAPTA
ICRAC results are not consistent with previous reports as the
resulting ICRAC were also transitory and of fairly short duration
(e.g., o3 min in Fig 4D,E) in the presence of high Ca2þ
bu¡ering, compared with the 10 and 20 min duration found by
Parekh (1998) and Zweifach and Lewis (1995), respectively, with
12 to 14 mM EGTA. The reason for this discrepancy is not
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known but is likely due to ICRAC variations in di¡erent cell types
(Minke and Cook, 2002). As noted earlier, low Ca2þ bu¡ering
was utilized with TG in these studies in an attempt to determine
whether di¡erent Ca2þ permeable ion channels are activated
following TG-induced depletion of intracellular Ca2þ stores
under near physiologic Ca2þ bu¡ering conditions. Low Ca2þ
bu¡ering could not be utilized with IP3 because this would
result in inconsistent activation of ICRAC (Fierro and Parekh,
2000).
Late currents activated by Ca2þ store depletion Large
currents with linear or inward rectifying IV curves were
observed at di¡erent times (i.e., seconds to minutes) following
activation of the Ca2þ ICRAC-like current with either TG or
with IP3 and BAPTA. The characteristics of the later currents
varied depending on the method of store depletion. TG
exposure initially yielded a large, La3þ -inhibitable, Ca2þ -
conducting current (INSC) with a linear IV curve that was
activated within seconds or a few minutes of inactivation of the
ICRAC-like current (IV4, Fig 2A,B). This current was considered
to be Ca2þ conducting because it increased when Ca2þ was
added to the Naþ solution, and decreased when Ca2þ was
removed, Fig 2(A); and because fura-2 results showed that the
intracellular Ca2þ concentration remained elevated when this
current was activated and the ICRAC-like current had deactivated
(see below). This current was likely not a Ca2þ -activated Cl^
current because of the presence of SITS in the super-perfusate,
which inhibits Ca2þ -activated Cl^ channels in many types of
epithelial cells (Fatherazi et al, 1996), and because nearly all Cl^
was replaced by glutamate or gluconate.
TG exposure also activated a late current (INa1) that appeared to
be inhibited by an increase in intracellular [Ca2þ ]. This current,
which could be observed as the Naþ current remaining
following removal of external Ca2þ (IV5 in Fig 2A), increased
when TG was removed from the extracellular solution (IV6 vs
IV5; Fig 2A). As TG releases Ca2þ from intracellular stores and
increases intracellular [Ca2þ ], the above ¢nding indicates the
current inhibition in the presence of TG was likely due to an
increase in intracellular Ca2þ concentration. This constitutes
evidence for a late, TG-inactivated Naþ current (INa1) that is
inhibited by increases in intracellular Ca2þ concentration.
Dialysis of cells with IP3 and BAPTA yielded two currents; a
late, large current (INa2) that was inhibited by the presence of
extracellular Ca2þ (Fig 5A, IV3 vs IV4), and a Ca2þ -insensitive
Ca2þ -current (INa3) (Fig 5A, IV4). In these experiments, the
presence of intracellular BAPTA suggests that external Ca2þ per
se, and not increases in intracellular Ca2þ concentration (which
would be minimized by the BAPTA) e¡ect the inhibition of the
INa2 channel. The currents observed before (IV3) and after
(IV4¼ INa3) exposure to Ca
2þ had linear IV curves over
negative and positive membrane potentials, indicating
conduction of Naþ and Csþ . In contrast, the IV curve for INa2,
the Ca2þ -inhibited current (i.e., A¼ IV3 ^ IV4, Fig 5A^C) was
that of an inward recti¢er. Time to onset of the second IP3/
BAPTA evoked current varied appreciably between cells from
seconds (Fig 4E) to as long as 20 min (Fig 5A). This current
was partially blocked by amiloride in some cells (Fig 5E), and
enhanced by 2-APB (Fig 5D). The Ca2þ -insensitive portion of
this current was blocked by La3þ (Fig 5A,B). Galietta et al (1991)
previously also observed a nonspeci¢c cation channel in human
skin keratinocytes that was inhibited by external Ca2þ in the
presence of signi¢cant intracellular Ca2þ bu¡ering (5 mM
EGTA).
The late, large, Ca2þ -conducting current (INSC) that was
activated with TG (and low Ca2þ bu¡ering) was never observed
following exposure to IP3 and BAPTA (which provides high
Ca2þ bu¡ering). This suggests that the Ca2þ -conducting
current is Ca2þ activated, and that it is not activated in the
presence of IP3 and BAPTA due to the Ca
2þ bu¡ering capacity
of BAPTA. The fact that a Ca2þ -inhibited current (INa2) was
observed with intracellular BAPTA suggests the Ca2þ -
conducting (INSC) and Ca
2þ -inhibited (INa2) currents arise from
the activities of di¡erent molecules.
In summary, Ca2þ store depletion results in activation of an
early ICRAC-like current, and several late, large Na
þ and Csþ
conducting currents, one of which conducts Ca2þ (INSC), a
second that may be inhibited by increases in intracellular
[Ca2þ] (INa1), a third that is likely inhibited by external Ca
2þ
(INa2), and a fourth, the Ca
2þ -insensitive current (INa3) that is
likely Ca2þ -activated because it is inhibited by La3þ (Fig 5A,
IV4). The Ca2þ conducting nonspeci¢c cation current may also
be Ca2þ activated.
Both early and late TG-activated currents support Ca2þ
entry Comparison of the temporal patch clamp and fura-2
results obtained with TG allowed us to determine which
channels contributed to changes in intracellular [Ca2þ ]. The
results indicated that Ca2þ in£ux could occur via both the early
and the late Ca2þ conducting channels activated following
intracellular Ca2þ store depletion byTG. Figure 3(B) shows the
intracellular [Ca2þ ] changes elicited in the TG experiment. First,
exposure toTG in the presence of a Ca2þ -free, extracellular Naþ
solution results in a large transient increase in intracellular
[Ca2þ] due to Ca2þ release from intracellular stores, which
would activate store-operated channels. This increase was
essentially but not totally cleared within 7 to 8 min. The patch
clamp records showed no cell current changes during this time,
indicating that Naþ is relatively impermeable through the
channels activated by Ca2þ store depletion (IV2 and b, Fig 1B).
Upon subsequent exposure to extracellular Ca2þ in the presence
of TG, intracellular [Ca2þ] was again transiently increased, but
this increase was due to a Ca2þ in£ux through store release-
activated, Ca2þ permeable channels (Fig 3B, Ca2þ þTG
arrow). This increase peaked within 3 min, and then decreased
relatively slowly and remained elevated for at least 5 min.
Comparison of the [Ca2þ] changes in Fig 3(B), with the
whole-cell current changes in Figs 1 and 3(A), indicates that the
ICRAC-like current was activated and inactivated within
approximately 1.5 min under these conditions, and that the
second Ca2þ permeable channel (INSC) was fully activated by
about 3.5 min. As intracellular [Ca2þ] was elevated for at least 5
min following exposure to Ca2þ after TG (Fig 3B), the results
indicate that both the early ICRAC-like current and the later
larger Ca2þ -conducting current contribute to the Ca2þ
in£uxes that increase intracellular [Ca2þ].
It was not technically possible to measure intracellular [Ca2þ]
during IP3- and BAPTA-induced current £ow because the
BAPTA would keep intracellular [Ca2þ] constant. The patch
clamp results, however, indicate (in contrast with the TG results;
Fig 2A,B) that the late IP3-induced current does not support a
signi¢cant Ca2þ in£ux (Fig 5A).
Identi¢cation of molecules underlying the currents: the
early current It is still not possible to identify the molecules
underlying the present early and late currents. Whereas ICRAC,
the early current, has been extensively studied (Parekh and
Penner, 1997; Parekh, 1998; Fierro and Parekh, 1999, 2000; Fierro
et al, 2000), the underlying channel molecule is still uncertain.
One hypothesis is that TRP channels underlie store-operated
currents. TRP channels consist of a family of three related
groups of channels with six transmembrane regions. These
channels are Ca2þ permeable but often with nonspeci¢c cation
permeabilities (Harteneck et al, 2000; Clapham et al, 2001;
Montell et al, 2002). Yue et al (2001) suggested that CaT1 carries
the ICRAC current, but Voets et al (2001) convincingly showed
that CaT1 can be distinguished from ICRAC on the basis of
sensitivity to store-depleting agents, inward recti¢cation in the
absence of divalent cations, relative permeability to Naþ and
Csþ , e¡ect of 2-APB, and voltage-dependent channel gating by
intracellular Mg2þ . Other reports suggest that TRPC4 or
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TRPC1 is the ICRAC channel (Liu et al, 2000; Philipp et al, 2000).
Some TRP channels were recently shown to be expressed in
keratinocytes (Clapham, 2002; Peier et al, 2002; Xu et al, 2002),
so the above hypothesis is also applicable to keratinocytes;
however, characteristics of other channels are sometime
attributed to ICRAC channels (Prakriya and Lewis, 2002). Hence,
the molecular basis, and even the channel properties, of ICRAC are
currently still unsettled.
The late currents The later larger currents evoked byTG were
distinguished because one increased in the presence of external
Ca2þ (INSC), whereas the other decreased (INa1).Very little is also
known about the molecular basis of these currents. The ¢rst of
the late large currents (INSC) maybe characterized as a Ca
2þ
conducting, nonspeci¢c cation current. This current may also be
carried by a TRP channel, many of which are Ca2þ permeable,
nonspeci¢c cation channels (Harteneck et al, 2000; Clapham et al,
2001; Montell et al, 2002), and some of which are now known to
be expressed in keratinocytes (Clapham, 2002; Peier et al, 2002;
Xu et al, 2002). The distinguishing feature of the second late, large
TG-evoked current (INa1) is inhibition by external Ca
2þ . Hence,
four of four cells tested yielded a Ca2þ -inhibited component of
the total current (Fig 5A^C). In two cells, the ¢ndings were
consistent with an ENaC, speci¢cally: (1) the IV curve was that of
an inward recti¢er (which is expected for an ENaC with Csþ as
the intracellular cation, Fig 5C); (2) the inward whole cell current
increased with increasing negative membrane potential (which
increases the driving force on Naþ ); (3) the current reversal
potential was very positive (which is consistent with the Naþ
equilibrium potential in these experiments); (4) no outward
current was observed at any potential (which is consistent with
ENaC being impermeable to the intracellular Csþ ); and (5) the
current was inhibited by procedures that increased intracellular
Ca2þ concentration (such as presence of external Ca2þ , or TG).
All of these features are characteristic of ENaC channels (Garty
and Benos, 1988). Hence, some of INa1 may be through ENaC
channels. The inconsistency in ENaC and amiloride-inhibition
¢ndings across the gingival keratinocytes probably re£ects
di¡erences in the di¡erentiation state of individual cells being
studied. The ENaC channel subunit expression varies with
di¡erentiation (Oda et al, 1999) and individual keratinocytes, even
though grown under the same culture conditions, may undergo
varying degrees of di¡erentiation.
In addition to the ENaC channel, two TRPC channels are
inhibited by external Ca2þ : TRPC1 and TRPC3 (Lintschinger
et al, 2000). Of the two, TRPC3 is more similar to the present
IP3/BAPTA-evoked late current (INa2) because its current is
suppressed but not totally inhibited by extracellular Ca2þ . Zitt
et al (1997) reported TRPC3 is a Ca2þ -activated channel (i.e., it
is activated by ionomycin in the presence of extracellular Ca2þ ),
but that it is also inhibited by increased intracellular Ca2þ
concentration. Tesfai et al (2001) concluded that TRPC-3 and
TRPC-6 likely support the diacylglycerol-activated Ca2þ
current in PC12 cells, and noted that this current is also
inhibited by extracellular Ca2þ , but not by 2-APB, which is
also the case for the present late large Ca2þ inhibited currents
(INa1, INa2) observed with TG and IP3/BAPTA.
Amiloride sensitivity cannot distinguish ENaC and TRPC
channel contributions to whole cell currents because at least one
TRPC channel (TRPC6) is now known to be amiloride sensitive
(Inoue et al, 2001). Hence, the amiloride-inhibited current could
arise from either an ENaC or a TRPC6 contribution. As noted,
two cells had I^V curves consistent with an ENaC current
(Fig 5C), but the remaining Ca2þ -inhibited and amiloride-
inhibited currents had linear IV curves indicative of a Csþ
permeability consistent with a TRPC current. Mauro and
colleagues previously observed both an ENaC channel (Mauro
et al, 2002) and an amiloride-blocked Ca2þ channel (Mauro et al,
1995) in keratinocytes. Inhibition of either channel inhibited
keratinocyte di¡erentiation.
In summary, the late, large Naþ and Csþ conducting, Ca2þ -
conducting (INSC) or Ca
2þ -inhibited currents (INa1, INa2)
described above are complex currents with contributions
from di¡erent types of channels. Whereas the present
electrophysiologic approaches have provided some insight into
the complexities of these late store-activated currents, it should
be noted that the amiloride-sensitive and ENaC-like currents
discussed above account for only a small portion of the observed
late currents. Hence, more powerful approaches combining
molecular biology and electrophysiology will be required to
identify and characterize the major channels underlying the
present responses.
Physiologic implications The present results demonstrate that
an ICRAC-like current is present in HGK, and indicate that this
current may play an important part in regulating the activities
of other larger currents (INSC, INa1, INa2), one of which is also
Ca2þ conducting (INSC). The activation of these currents would
lead to prolonged elevations of intracellular [Ca2þ ], which is
likely an important step in e¡ecting Ca2þ -induced
di¡erentiation. In this regard, Mauro et al (1993, 1995, 1997)
reported that a nonspeci¢c cation channel plays an important
part in the Ca2þ -induced di¡erentiation of keratinocytes.
Moreover, Oda et al (2000) reported that a Ca2þ -sensing
receptor present in undi¡erentiated keratinocytes is capable of
inducing a Ca2þ in£ux, which occurs via signaling through the
phospholipase C system, which could activate the ICRAC-like
current reported here, as well as the later, larger current observed
with TG exposure; however, because IP3 (a product of
phospholipase C activity) only consistently activates ICRAC in
the presence of unphysiologic levels of Ca2þ bu¡er (Fierro and
Parekh, 2000; Fierro et al, 2000), IP3 is likely not the sole activator
of ICRAC following activation of the Ca
2þ receptor in vivo.
Hence, other compounds activated by this signaling pathway
must also play a part in activating ICRAC under physiologic
conditions. Diacylglycerol, another product of phospholipase C
activity, is known to activate TRPC6 and TRPC3 (Hofmann
et al, 1999) as well as TRPC1 and TRPC7 (Benham et al, 2002).
Thus, activation of the Ca2þ receptor likely activates
phospholipase C activity, which in turn releases IP3 and
diacylglycerol that transiently activate ICRAC, which then
activates other sustained cation currents that are likely important
in inducing the Ca2þ -induced di¡erentiation response in
keratinocytes. Thus, ICRAC may be a critical factor in inducing
the Ca2þ -dependent processes that lead to Ca2þ -induced
keratinocyte di¡erentiation.
This work supported by NIH grant RO1AR046254.
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